A variety of dopants are used for different types of polymers to change their properties. Inorganic dopants are normally used to change the dielectric properties of the polymers. These compositions find different applications, especially in electronic systems, due to the ease of polymer processing, increased functionality and the low cost of novel materials that are with relatively high dielectric constant compared to the base polymer material.
INTRODUCTION
Composite materials obtained by integrating two or more materials can offer the potential to have performance far beyond those of the basic constituents. There are a variety of particulate substances, such as metallic, ceramic, carbon, etc., that can be used as dopants (fillers, inclusions) in materials [1] [2] [3] [4] [5] [6] [7] . In particular, polymeric materials are of interest for doping with a variety of dopants and form composites with unique properties. Particle dopants can be of different shapes, such as spheri-382 cal [1, 2, 4] , fiber-like [6] , or flake-platelets and with dimensions from nano- [2, 6, 8] to micronsized particles [1, 3, 4] . These heterogeneous mixtures exhibit improvements in their properties compared to those of the neat polymer host in terms of mechanical, electrical, and thermal properties, tailoring them to a variety of applications [1, 3, 6, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] .
To raise the dielectric constant of polymer materials, polymer composite materials provide an ideal solution. Ferroelectric ceramics as dopants to polymer hosts usually possess relatively high dielectric constants, but are brittle and have low dielectric strength. On the other hand, polymers are flexible, easy to process with low processing temperature in general, but possess high dielectric breakdown fields. By mixing polymers with ceramic dopants, a unique composite material can be obtained -high dielectric constant polymeric material. In general, the most commonly used polymers are epoxy, polyethylene, polypropylene, polyethylene therephtalate, poly-methyl metacrylate, and poly-ethyletherketone, which meet the requirements for the low cost organic substrate process and mechanical flexibility, and can be upgraded with the advantages from the fillers/dopants and obtaining desirable dielectric properties. They find a variety of applications, especially in electronic systems, due to the growing demands of electronic miniaturization or packaging, increased functionality, high performance and low cost for novel material compositions with high dielectric constants [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . The dielectric properties of polymer compositions depend primarily on the content, size, and distribution of dopant particles as well as processing techniques. When very high dopant concentrations are required to increase the dielectric constant of the composite, processing can become more difficult; other properties, optical or physical, may also be disrupted.
Predicting or calculating the dielectric constant of the polymer composites resulting from doping is very important. For this purpose, different dielectric mixing models exist for prediction of the dielectric constant of heterogeneous mixtures [46] [47] [48] . The equations for the effective dielectric constant of the composite are generally based on the dielectric permittivity of each constituent and its volume fraction. The following models and equations are described by many other authors [49, 50] .
Maxwell-Garnett mixture equation (1) is given as: 
The two-phase mixture equation, denote as MU, is given in eq. (3):
The Logarithmic or Lichtenecker-Rother [42] equation (4) is one of the most commonly used equations for predicting the dielectric constant of statistical/chaotic composites. It is given as:
For insulating fillers in a polymer, there is a Maxwell-Wagner mixing rule [48] formula that is given as eq. (5):
The above equations give similar results for lower dopant loading in a polymer host. For higher volume fractions of a dopant in a polymer, there are often discrepancies between these models and experimental data. This is possibly due to the following: a) the high volume fraction of the dopant may increase the porosity of the composite material, or b) the high dopant fraction may lead to agglomeration of the powder and a non-uniform distribution through the composite.
In this work, inorganic dopants, like different BaTiO 3 and TiO 2 , are used and considered nonconductive (ceramic) dopants with high inherent dielectric constants. They increase the dielectric constant of polymers when they are added in large concentrations, without affecting conductivity.
383
Polymer-ceramic materials, polymers doped with ferroelectric BaTiO 3 (BT), offer the potential to have both the high dielectric constant due to the ceramic material (BT) and good polymer processing [46, 51] . The dielectric properties mostly depend on: the content, purity, size, distribution of the BT particles and the processing techniques. Usually, very high dopant concentrations (more than 30 vol.% or even higher ~51 vol.% or 67 vol.% ) are required to increase the real permittivity of the composite from an undoped value e.g. ~2 (for the polymer host) to ~100 (for the polymer composition) [42, 46, 47, 51] . Sometimes this is not beneficial, because the high dopant loadings in the polymer host can make processing very difficult. Another problem which usually arises for BT is the difficulty in measuring the true value for the dielectric constant of the BT. There is no direct methodology for measuring the dielectric constant of dopants in powder form. Usually, the measured value of the dielectric constant for a bulk sample of BT ceramic is used instead of that for the powder form. The particle (grain) size of BT is very important for determining its dielectric constant. Literature values vary from 100-600 [48] (grain size < 0.7 m, much smaller than the dielectric constant of bulk BT ceramics), to ~2000 (for grain size of 10 m, for example), or ~5000 (for grain size between 0.7 and 1 m) [52] . The dielectric constant of these ceramic-polymer composites increases as the powder size decreases [37, [40] [41] [42] 45] .
On the other hand, TiO 2 /polymer composites are reported to exhibit improved mechanical properties, as well as increased dielectric constants; however, nano-sized TiO 2 has a larger effect compared to micron-sized TiO 2 on mechanical properties in TiO 2 /polymer compositions [10, 11, 43, 45, 54] . There are different crystalline forms of TiO 2 powders, such as rutile and anatase. The rutile form of TiO 2 has a higher dielectric constant than the anatase form, usually ranging from 20 to over 200, but this value also depends on the compositeon/purity of TiO 2 material (higher the amount of rutile phase means higher the dielectric constant of composition).
The PCLC material in this study was of the particular interest for the author, it possesses unique optical properties: selective reflection and circular polarization of the reflected light due to the helical structure [45, 55, 56] . As a result of its doping, the use of PCLC extends to novel optical, photonic and electronic applications. The most important are electro-optical applications, such as display and sensor applications, color filters, and electronic labels, besides the known passive applications such as use in the military as decals, decorative/cosmetic inks and paints, document security, retarders, waveplates, filters, polarizers, etc. [45, [56] [57] [58] [59] [60] .
2. EXPERIMENTAL
Materials
The polymer cholesteric liquid crystal (PCLC) material used as a polymer matrix in this work is a non-cross-linkable cyclic polysiloxane material. It is left-handed cholesteric liquid crystal that belongs to the class of side-chain liquid crystalline polymers (product of Wacker-Chemie GmbH, Munich, Germany) with a glass transition temperature ~50 C and a clearing point (T c ) of ~200 °C (as measured by the manufacturer and other researchers) [45] . PCLC exhibits unique optical properties, such as selective reflection and circular polarization due to its helical structure, and has the potential in many optical, photonic and electronic applications [45, [55] [56] [57] [58] . Figure 1 shows PCLC material made into thin film (Fig. 1a) and into the form of tiny particles (flakes), irregular or regularly-shaped, presented in Figure 1b Namely, three different types of BT dopants and two of TiO 2 with different particle sizes and shapes are used [45, 59, 60] . Nano-and microsized BaTiO 3 powders were selected knowing that the dielectric constant of this type of dopant varies substantially with particle size. Two types of rutile type of TiO 2 are investigated: one of them, TiO 2 -1, consists of particles with a spherical shape (30 nm in diameter, product of Marketech International, Inc., Port Townsend, WA), while the other type, TiO 2 -2, are particles with needle-like shapes (dimension of 10 nm x 40 nm, Nanostructured & Amorphous Materials, Inc., Los Alamos, NM).
Dopants for PCLC used in this work
[Note: these are primary particle dimensions. By SEM, it is determined that both of these powders are highly aggregated] [45] . The dielectric constant values of TiO 2 dopants were not provided by the vendors; for theoretical calculations for  2 (TiO 2 ) in this work, a value that varies from 20 to 200 was used.
Measurement on PCLC/dopant composites
Doped disks (pellets) made from PCLCs (product of Wacker-Chemie GmbH, Munich, Germany) and a particular dopant were prepared in order to determine the dielectric properties of the compositions. Pellets made from pure dopant powder are not easily prepared because of their high melting temperatures or their inability to be compressed into pellets. For each system (PCLC/dopant), ~10 or more samples with different dopant concentrations are prepared with a diameter of ~2 cm and a thickness of ~0.5 mm by using a "thin film-maker tool" with controlled heating and pressure (constant-thickness filmmaker and thin-filmmaking kits are products of International Crystal Laboratories, Garfield, NJ) [45] .
Dielectric measurements of each PCLC/dopant composition as well as on pure PCLC disk are conducted on a frequency response analyzer by using a special holder for solids (Solartron 1260 by Solartron Analytical). These measurements are rapid, accurate and non-destructive, for electrochemical phenomena in materials. The sample holder for solids is designed to allow accurate impedance tests of solids at room temperature. It consists of two parallel electrodes that form a parallel capacitor. The bottom electrode is fixed in position, and the top electrode can be lowered into contact with the sample. After contact with the sample is made, a measurement of the sample thickness can be taken by reading the dial of a micrometer thickness gauge attached to the top electrode. The range of measured impedance values vary from 1  to 100 T and the frequency region for measurement is from 10 µHz to 32 MHz. When a voltage (potential) is applied to the material, a current flows through the test chamber that is determined by the mechanisms characterizing the motion of charge within the material [45, 61, 62] . The output impedance signal after interaction with the sample presented as capacitance, C, and resistance, R, as a function of the frequency is analyzed by frequency response analysis (FRA) [63] . [Calculations of the dielectric properties of the measured samples placed in the parallel plate capacitor are performed by assumption of a circuit where C is in a parallel configuration with R] [45] .
Scanning electron microscopy (SEM) micrographs are taken using either an FE SEM LEO 982 (EMSL, Richland, WA) and SEM LEO-EVO 50, while polarized optical microscopy (POM) images are taken on a Leica, DMRX polarizing microscope coupled with a DC300F camera (Leica Microsystems AG, Germany) [45] .
RESULTS AND DISCUSSION
All inorganic dopants used in this work show a similar effect on PCLC dielectric properties. They increase the dielectric constant of the composite at relatively high dopant loadings. The equations given in the Introduction predict that the dielectric constant of PCLC doped with BT and TiO 2 can be increased only by a factor of ~10 or less at relatively high dopant level ~25 vol.% or more. The best fit of experimental data are observed via equations 4 and 5 [45] . Figure 3b compares the theoretical calculations for the effective dielectric constant of the TiO 2 /PCLC composite using eq. 4 and the experimental data for both TiO 2 powders (listed in Table 1 Generally, all show an increase in composite dielectric constant up to ten at very high dopant levels, e.g.,  20 vol.%. Higher dopant concentrations in PCLC are difficult to achieve. A logarithmic eq. 4 for calculation of the effective dielectric constant of the composite agrees well with the experimental data. The main problem here is choosing an appropriate value of the dopant dielectric constant to use in the model. In this case PCLC/BaTiO 3 composites are well fitted with the log equation (4) 
CONCLUSION
Ceramic-polymer composites have been investigated for different purposes. These composites have increased dielectric constants compared to the dielectric constant of basic polymer host, with or without increased composite conductivity. Finer inorganic particles (e.g. nano-particles) with a higher ratio of surface area to volume may have better particle-to-particle contact to improve the dielectric constant, dielectric loss, and insulation resistance. As a result, the ceramic-polymer composites have the smallest diameter of inorganic particles, and higher values of dielectric constant.
In this study, dopants like, BaTiO 3 and TiO 2 in PCLC material were investigated and shown to increase the dielectric constant of PCLC composites. Both dopants showed similar behavior. Namely, all three types of BaTiO 3 had almost the same effect on the PCLC composite dielectric constant. TiO 2 -2 or a dopant with needle-like particles is more effective than the spherical TiO 2 -1 dopant. It is possible that TiO 2 -1 consists of mix rutile/ anatase phase material that would lower the dielectric constant compared to dielectric constant of TiO 2 -2. However, both dopant types used in this work for PCLC compositions fit well with the equations established by various authors. The best fit of these experimental data was observed with logarithmic equation.
